The ribulose monophosphate (RuMP) pathway is one of the metabolic pathways for the synthesis of compounds containing carbon-carbon bonds from one-carbon units and is found in many methane-and methanolutilizing bacteria, which are known as methylotrophs. The characteristic enzymes of this pathway are 3-hexulose-6-phosphate synthase (HPS) and 6-phospho-3-hexuloisomerase (PHI), neither of which was thought to exist outside methylotrophs. However, the presumed yckG gene product (YckG) of Bacillus subtilis shows a primary structure similar to that of methylotroph HPS (F. Kunst et al., Nature 390:249-256, 1997). We have also investigated the sequence similarity between the yckF gene product (YckF) and methylotroph PHI (Y. Sakai, R. Mitsui, Y. Katayama, H. Yanase, and N. Kato, FEMS Microbiol. Lett. 176:125-130, 1999) and found that the yckG and yckF genes of B. subtilis express enzymatic activities of HPS and PHI, respectively. Both of these activities were concomitantly induced in B. subtilis by formaldehyde, with induction showing dependence on the yckH gene, but were not induced by methanol, formate, or methylamine. Disruption of either gene caused moderate sensitivity to formaldehyde, suggesting that these enzymes may act as a detoxification system for formaldehyde in B. subtilis. In conclusion, we found an active yckG (for HPS)-yckF (for PHI) gene structure (now named hxlA-hxlB) in a nonmethylotroph, B. subtilis, which inherently preserves the RuMP pathway.
which the direction of the spc gene was the same as and opposite, respectively, that of the yckG gene (Fig. 1a) .
Construction of B. subtilis mutants. B. subtilis mutants YD101, YD102, YD111, and YD112 were constructed by the introduction of pT-Bsb-yckG-Sp5, pT-Bsb-yckF-Sp6, pAY-Bsb-yckH-SpA, and pAY-Bsb-yckH-SpB, respectively, into the wild-type strain. YD121 was generated from the wild-type strain through homologous recombination with the yckH region by a Campbell-type event. Transformation of B. subtilis was performed by the competent-cell method (1) , and spectinomycin (100 g/ml) was used for selection of the transformants.
Preparation of cell extract from E. coli overexpressing the yckG and yckF genes. E. coli JM109 was transformed with the expression plasmids (36) . Transformants were grown at 37°C for 12 h in 5 ml of M9-Casamino Acids medium (36) supplemented with thiamine-HCl (2 g/ml), indoleacrylic acid (25 l/ml), and ampicillin (100 l/ml). The cells were harvested by centrifugation and suspended in buffer A (50 mM potassium phosphate [pH 7.6], 1 mM MgCl 2 ). After centrifugation, the washed cell pellet was resuspended in 1 ml of buffer B (50 mM potassium phosphate [pH 7.6], 5 mM MgCl 2 , 1 mM dithiothreitol). A cell extract was prepared by sonication with a disrupter (Bioruptor; Cosmobio, Tokyo, Japan) at maximum power with a standard oscillator. The sonicate was clarified by centrifugation at 15,000 ϫ g for 20 min at 2°C, and the supernatant thus obtained was used as the cell extract.
SDS-PAGE analysis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (14% polyacrylamide) was performed by the method of Laemmli (25) , using a ready-made gel system (TEFCO, Tokyo, Japan). Samples of cultured cells were collected by centrifugation, and the cell pellets were suspended in gel loading buffer and heated at 100°C for 5 min. Aliquots of 5 l were loaded onto an SDS-polyacrylamide gel, which was stained with PhastGel Blue R (Coomassie blue R-350; Pharmacia AB). Molecular weight standards consisted of a marker mix consisting of seven recombinant proteins of 15, 25, 35, 50, 75 , 100, and 150 kD (Novagen, Madison, Wis.).
Induction of expression of the yckG and yckF genes in B. subtilis. After overnight growth in Luria-Bertani (LB) medium (36) , cultures of wild-type and mutant B. subtilis were diluted to 1:20 in fresh medium. Cells were cultured at 37°C with shaking until the mid-log phase, and then formaldehyde or another reagent (methanol, formate, or methylamine) was added as specified in the text. Other cultures were exposed to the following stresses: heat shock, provided by culture at 48°C; salt stress, created by adding NaCl at a final concentration of 5% (wt/vol); and acid shock, provided by adding 0.5 N HCl to reduce the pH of the culture from 6.8 to 5.2. Incubation was continued for 90 min under these conditions. Next, the cells were harvested, washed, and resuspended in 50 mM potassium phosphate buffer (pH 7.5) containing 3 mM MgCl 2 and 1 mM dithiothreitol. The cell extract was prepared for assay by sonication and centrifugation to remove debris.
Assay of HPS and PHI activities. HPS activity was determined as described previously (3), with some modifications. The reaction mixture (0.95 ml) consisted of 50 mM potassium phosphate (pH 7.6), 5 mM MgCl 2 , 5 mM ribose-5-phosphate (Ri5P) (Nacalai Tesque, Inc., Kyoto, Japan), 2.5 mM NADP (Sigma, St. Louis, Mo.), 10 U of phosphoribose isomerase (PRI) (Sigma), 10 U of glucose-6-phosphate dehydrogenase (Boehringer Mannheim), 10 U of phosphoglucose isomerase (PGI) (Boehringer Mannheim), 50 U of recombinant PHI purified from E. coli overproducing M. aminofaciens 77a PHI (35) , and the test sample of cell extract. The mixture was preincubated for 3 min at 37°C to achieve equilibrium of Ru5P and Ri5P (catalyzed by PRI), and then the reaction was started by adding formaldehyde at a final concentration of 5 mM. In the PHI assay, recombinant M. aminofaciens 77a HPS (35) was used instead of recombinant PHI, and both were eliminated from the reaction mixture when the serial reaction of HPS and PHI enzymes was assayed. Activity was assessed by monitoring the change in optical density (OD) at 340 nm with NADP as a cofactor, and correction was made for formaldehyde-independent activity. The protein concentration was determined by the method of Bradford (8) with a Bio-Rad protein assay kit (Bio-Rad Laboratories, Richmond, Calif.) and bovine serum albumin as the standard.
Assay of other enzymes. NAD-dependent methanol dehydrogenase (MDH) and glutathione-dependent formaldehyde dehydrogenase (GS-FDH) were assayed by using the B. subtilis cell extract treated with formaldehyde. MDH activity was assayed as described by Arfman et al. (2) ; GS-FDH activity was assayed as described by Attwood. (6) .
Effect of yckG and yckF mutations on cell growth in the presence of formaldehyde or NaCl. B. subtilis 168 (wild type) and two isogenic mutant strains (YD101 and YD102) were cultured at 30°C with shaking in LB medium containing spectinomycin when necessary. Overnight cultures were inoculated into warmed fresh LB medium, or into medium containing formaldehyde or NaCl, and cell growth and lysis profiles were automatically recorded at an OD of 660 nm with a Bio-photorecorder (Advantec, Tokyo, Japan).
13 C NMR analysis of the products obtained with [ 13 C]formaldehyde as the substrate. A reaction mixture containing 50 mM potassium phosphate (pH 7.6), 5 mM MgCl 2 , 5 mM Ri5P, 10 U of PRI, and 10 U of PGI was prepared. After preincubation at 37°C for 10 min to produce Ru5P from Ri5P, cell extract containing the yckG gene product (YckG) and yckF gene product (YckF) was added to the mixture. The serial YckG and YckF reaction was started by addition of [ 13 C]formaldehyde as the substrate. After incubation at 37°C for 20 min, EDTA was added to the mixture to chelate Mg 2ϩ , which is required for HPS activity. The total activity in the mixture was assayed with 13 C nuclear magnetic resonance (NMR) spectroscopy by monitoring the decrease of the resonance signal for the 13 C atom of formaldehyde and the appearance of signals for the C atoms of fructose 6-phosphate and glucose 6-phosphate, which was yielded by addition of PGI. In the negative control sample, EDTA was added to the mixture immediately after addition of the cell extract. NMR spectra were obtained at 100 MHz with a Fourier transform (FT) NMR spectrometer (JNM-A400; JEOL, Tokyo, Japan), using 0.6-ml samples containing 15% D 2 O in 5-mm-diameter tubes to provide a lock signal. A total of 256 transients were acquired by using 32k data points. Gated proton decoupling was used, and 45°pulses were applied, with a 2.5-s relaxation delay between pulses to give a repetition time of 3.9 s. During acquisition, the samples were kept at 25°C. [ 13 C]formaldehyde (99% 13 C atom) was purchased from Cambridge Isotope Laboratories (Andover, Mass.).
RNA analysis. B. subtilis cells were grown to mid-log phase in LB medium at 37°C. After the addition of formaldehyde at final concentration of 0.5 mM, culture was continued for 45 min. Then RNA was extracted by using an ISOGEN kit (Nippongene, Toyama, Japan) and treated with RNase-free DNase (Takara Shuzo). About 1 g of RNA was mixed with the YGF-R2 oligonucleotide DNA (5Ј-TTCAGGCCGGTTGTGTGATGC-3Ј), and cDNA was synthesized by using a reverse transcription (RT) kit (RNA LA PCR kit; Takara Shuzo). YGF-R2 corresponded to the minus strand of DNA just behind the yckF ORF. Then a 20-l aliquot of the cDNA mixture was combined with DNA primers YGF-F1 (5Ј-ATGGAATTACAGCTTGCATTAGACC-3Ј) and YGF-R1 (5Ј-TGTGA TGCTATTCAAGGTTTGC-3Ј), LA Taq DNA polymerase, and PCR buffer (Takara Shuzo) in a volume of 100 l. RT-PCR was carried out according to the manufacturer's instructions. YGF-F1 and YGF-R1 corresponded to the plus strand of DNA encoding the N-terminal region of YckG and to the minus strand of DNA encoding the C-terminal region of YckF, respectively. As a negative control, mixture without RT was used for PCR amplification.
Computer analysis. Nucleotide and amino acid sequences were analyzed with the Genetyx-Mac computer program (Software Development Co., Tokyo, Japan). Alignment of deduced amino acid sequences was performed by comparison with entries in the SWISS-PROT database (release 35.0).
RESULTS
Overproduction and enzyme activity of the yckG and yckF gene products. To identify the orthologs of the gene encoding PHI, FASTA searches (30, 31) of the microorganism protein sequence database were performed, using the amino acid sequence of the rmpB gene product (PHI) (35) of M. aminofaciens 77a as the query sequence. As a result, the primary (Fig. 1a) , and the yckG gene product (YckG) is known to show structural similarity with HPS (24). Thus, both putative genes involved in one-carbon compound metabolism were situated side-by-side in the B. subtilis genome. Because B. subtilis cannot utilize methanol as its sole carbon source (i.e., it is a nonmethylotroph), the detection of such genes in this microorganism was interesting with respect to function and evolution. We first expressed the yckG-and/or yckF ORF in E. coli to evaluate whether the translated product of each ORF displayed HPS or PHI activity. After each corresponding DNA fragment with the postulated ORF was amplified by PCR, the fragments were inserted into the expression plasmid and overproduction was stimulated (Fig. 3a) . As a result, the yckG gene yielded a dense protein band with the expected molecular mass of 23 kDa on SDS-PAGE, and the yckF gene yielded a protein with a molecular mass of 19 kDa. Furthermore, overexpression of a DNA fragment containing the yckG and yckF genes in the intact gene structure led to concomitant overproduction of both ORF products (Fig. 3a, lane 3) , showing that termination of transcription did not occur between the yckG and yckF genes in E. coli.
The HPS and PHI activities of cell extracts were examined by the enzyme assay method. E. coli overexpressing yckG or yckF showed HPS or PHI activity, respectively ( 3b) . This showed that the serial reaction catalyzed by both gene products could progress, because YckG produced hexulose-6-phosphate from formaldehyde and Ru5P, while YckF and PGI then created fructose-6-phosphate and glucose-6-phosphate, respectively. Since the two enzymes were previously thought to be unique to methylotrophs (11, 15) , it was surprising that B. subtilis contained nucleotide sequences that could express these enzyme activities.
Expression of yckG and yckF genes by B. subtilis. To investigate whether the yckG and yckF genes intrinsically expressed any enzyme activity in B. subtilis, we assessed extracts of cells grown under various culture conditions. The extract of wildtype cells cultured in LB medium showed negligible HPS or PHI activity, but both activities were detected after culture in the presence of formaldehyde (Table 2) . When various concentrations of formaldehyde were tested, significant HPS and PHI activity was found in the cell extract at formaldehyde concentrations of around 0.5 mM. At a concentration of over 1 mM, however, both activities almost disappeared.
Formaldehyde is produced from methanol by methanol dehydrogenase and is also oxidized to formate by formaldehyde dehydrogenase in some methylotrophs (11) . Therefore, we examined whether the synthesis of HPS and PHI could be induced by methanol or formate, but neither enzyme activity was detected after cells were grown in medium containing methanol or formate ( Table 2 ). On the other hand, since formaldehyde is also synthesized by oxidation of methylamine in several methylotroph species (26), we looked for HPS or PHI activity in extracts of B. subtilis grown in medium containing methylamine hydrochloride (0.4 or 1.2% [wt/vol], final concentration) but did not observe the induction of these enzymes. Therefore, the nonmethylotroph B. subtilis possessed two key enzymes of the RuMP pathway, and the expression of both enzymes was induced by formaldehyde.
Analysis of yckG and/or yckF disruption mutants. We next examined whether the yckG or yckF gene encoded the observed formaldehyde-inducible HPS or PHI activity. We constructed a yckG mutant (strain YD101) and a yckF mutant (strain YD102) by insertional mutagenesis (Fig. 1a) and analyzed the formaldehyde-inducible HPS or PHI activity of each strain. After induction with formaldehyde, we detected no significant enzyme activity in the YD101 strain and only HPS activity in the YD102 strain (Table 2) . Thus, we identified YckG and YckF as the only formaldehyde-inducible HPS and PHI enzymes, respectively, and our results also suggested that a polar effect occurred between the yckG and yckF genes. To confirm the transcription unit of the two genes, total RNA was isolated from wild-type B. subtilis cells exposed to formaldehyde and analyzed by RT-PCR. The presence of mRNA species (of at least 1.2 kb) spanning the yckG ORF to the yckF ORF (data not shown) was revealed, suggesting that the two genes (yckG and yckF) were expressed as a polycistronic mRNA from an operon.
We also investigated the effect of formaldehyde on the phenotype of these mutants. In LB medium, the wild-type strain and the two mutant strains all showed typical growth and lysis curves (Fig. 4a) . However, after addition of formaldehyde to the medium, the mutants showed a prolonged lag phase relative to the growth profile of the wild-type strain, which was dependent on the concentration of formaldehyde added (Fig.  4) . These results indicated that the yckG-yckF system might endow B. subtilis with the ability to detoxify formaldehyde produced via endogenous metabolism or environmental changes.
It appeared that the cells were under stress when exposed to formaldehyde, since growth was arrested for a few hours in its presence ( Fig. 4c and d) . To examine whether the increase of HPS and PHI activities after exposure to formaldehyde was due to a general stress response rather than to formaldehyde itself, we assessed the levels of these enzymes in cells grown under heat (increase from 30 to 48°C), acid (decrease from pH 6.8 to 5.2), and salt (addition of 5% NaCl) stress. We also examined the growth profiles of wild-type and mutant cells under salt stress. Enzyme activities were never detected except after exposure to formaldehyde, but comparison of the growth profiles of cells exposed to salt stress (5% NaCl) revealed a slight delay in the growth of both mutants relative to the wildtype strain. This observation suggests that the yckG or yckF gene may be involved also in the salt stress response, although HPS or PHI activity was below the level of detection, as described above.
Effect of the yckH gene on expression of the yckG and yckF genes. Upstream of the yckG-yckF genes, the yckH gene is an ORF transcribed in the reverse direction from the operon (Fig.  1a) . This gene arrangement led us to speculate that yckH might be a regulator of yckG-yckF expression, by analogy with the L-arabinose (ara) operon structure (araC and araBAD) (39) in E. coli. It has been reported that yckH encodes a protein of 120 amino acids (41) , but its function remains unclear. Although the overall amino acid sequence does not share any significant homology with DNA-binding proteins, a helix-turn-helix motif that is characteristic of nucleic acid-binding proteins (16) was indicated at the carboxyl terminus by our prediction of the secondary structure (data not shown). To examine the effect of the yckH gene on expression of yckG-yckF, the yckH locus was inactivated by insertion of an spc gene. We constructed two mutant strains, YD111 and YD112, in which the directions of the spc gene were the same as and opposite, respectively, that of to the yckH gene (Fig. 1a) . Although read-through of transcription of the spc gene could proceed into the yckG-yckF region of the chromosome in YD112, neither of the yckH-disrupted mutants (strains YD111 and YD112) could express detectable HPS and PHI activity when exposed to formaldehyde ( Table 2) . We thought that in these mutants, the promoter element for the yckG-yckF genes might have been destroyed by spc gene insertion, since the location of the promoter region was not identified. Therefore, we constructed a new strain, YD121 (yckH yckH ϩ ) (Fig. 1b) , in which the DNA region just adjacent to the yckG-yckF locus remained disrupted as in shown by arrows. The positions of migration of molecular mass standards (SM) are indicated on both sides of the gel (from top to bottom, 150, 100, 75, 50, 35, 25, and 15 kDa). (b) Formation of glucose-6-phosphate and fructose-6-phosphate by the condensation of 13 C-labeled formaldehyde and Ru5P and the subsequent isomerization of sugar-phosphates was analyzed by 13 C NMR spectrometry as described in the text. The upper profile exhibits the peak of formaldehyde (FA) in the test mixture, in which the reaction was immediately stopped after addition of cell extract containing YckG and YckF; the lower profile displays the carbon peaks in the reaction mixture after incubation for 20 min at 37°C. The C-1 (␣,␤ anomers) positions of glucose-6-phosphate (G6-P) and fructose-6-phosphate (F6-P) are indicated.
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on August 15, 2017 by guest http://jb.asm.org/ YD111 but the intact yckH gene was located away from the yckG-yckF region past the intervening sequence of the integrated plasmid. We examined YD121 for formaldehyde-induced HPS or PHI activity and again detected the induction of both activities. This indicated that the yckH gene is required for the expression of HPS and PHI activities.
DISCUSSION
Recently, bioinformatics analysis has suggested that hps gene homologs may be widespread in bacteria (33) . We also found a structural similarity between PHI from a methylotroph (35) and YckF from B. subtilis and noticed that the hps homolog (yckG) and phi homolog (yckF) were adjacent in the B. subtilis genome. In E. coli, it was reported that the SgaH (ORF o216) and SgbH (ORF o220) proteins exhibit sequence similarity to the HPS of M. aminofaciens (33) . Therefore, we assessed the enzymatic activity of the sgaH and sgbH gene products from strain W3110 by overexpression of the corresponding genes but could detect no HPS activity. We also examined HPS activity in extracts of E. coli cells cultured under several stresses, including formaldehyde exposure, but the activity was below the level of detection (data not shown). Although HPS activity in E. coli might be induced by a specific effector, it appears from our results that E. coli does not possess the enzyme. Our homology search indicated that the E. coli genome does not contain a homolog of the rmpB (phi) gene (data not shown). These findings suggested that the E. coli hps homologs may possess a function other than hexulose phosphate synthesis or that during its evolution the bacterium has accumulated mutations which impede the expression of HPS activity. According to the evolutionary history of prokaryotes based on phylogenetic analysis (43) , B. subtilis is more proximal than E. coli to the branch point of the three kingdoms, Archaea, Bacteria, and Eucarya (7). Therefore, it appears that the presence of a set of hps and phi genes in the genome is critical, and the existence of both genes in the B. subtilis genome suggests that the gene products were of significant value for this microorganism in its original environment.
Expression of the yckG and yckF genes was induced in B. subtilis by formaldehyde, similar to what has been found for two gram-positive methylotrophs, Arthrobacter P1 (27) and Bacillus methanolicus (4) . Formaldehyde is produced from methanol by MDH in the first stage of the utilization of carbon and energy sources by methylotrophs. In B. methanolicus, the synthesis of HPS is also enhanced by culture with methanol (2), but methanol could not induce HPS or PHI activity in B. subtilis. Having found that HPS and PHI enzymes exist in B. subtilis, we examined the activity of MDH in this microbe. The structure of the cytoplasmic NAD-dependent MDH of B. methanolicus C1 was described by De Vries et al. (9) . Using their sequence information, we performed a homology search for the mdh gene in the B. subtilis genome database and found no significant homologs. In addition, we could not detect NADdependent MDH activity in cell extracts of B. subtilis cultured under various conditions (data not shown). Thus, it appears that B. subtilis does not possess an NAD-dependent MDH homolog derived from B. methanolicus. However, it is interesting that the possible yeaC gene product of B. subtilis (24, 41) displays similarity to the product of mxaR (moxR) required for activity of the pyrrolo-quinoline quinone (PQQ)-linked MDH in a gram-negative methylotroph (42) . Besides the methanol oxidation pathway, formaldehyde is also synthesized from methylamine in several species of methylotrophs which are able to utilize methylamine as the sole source of carbon and energy (21, 26, 27) . The yckG-yckF system might be involved in methylamine metabolism, since some heterotrophs are able to use methylamine as a nitrogen source, and methylamine, which is more stable than formaldehyde, is widely distributed in marine environment (21) . However, no detectable HPS or PHI activity was found in the extract of B. subtilis cells cultured with methylamine, and methylamine could not support the growth of B. subtilis as a nitrogen source (data not shown).
This study also indicated a possible role of YckG and YckF in the detoxification of formaldehyde. As noted by Attwood and Quayle (5), it seems possible that the HPS and PHI system is very efficient for trapping free formaldehyde. However, B. subtilis may also equip other detoxification systems for formaldehyde, since our yckG or yckF mutants did not show marked formaldehyde sensitivity. In E. coli, GS-FDH is the primary enzyme that detoxifies formaldehyde (14) . Therefore, it is possible that B. subtilis also possesses a reliable detoxification system employing the corresponding enzyme. Indeed, our homology search showed that the adhB gene product in B. subtilis is similar to GS-FDH in Methylobacter marinus (40) , although we detected no of GS-FDH activity in cell extracts from B. subtilis exposed to formaldehyde, as was the case for the methanotroph. In addition, we found that both mutants (yckG and yckF) were slightly more sensitive to salt (NaCl) stress than the wild-type strain, although the HPS or PHI activity in cells stressed by salt was too low to be measured. This implies that the promoter responsible for the salt stress response might exist in front of both genes or that salt stress could induce the accumulation of formaldehyde during metabolism. The relationship between the salt stress response and the function of yckG and yckF remains to be determined.
The results presented here demonstrate that a nonmethylotroph, B. subtilis, can synthesize two key enzymes (HPS and PHI) that were previously believed to be specific to methylotrophs employing the RuMP pathway. In B. subtilis, the pentose phosphate pathway has been identified by metabolic flux analysis (37, 38) . Therefore, we suggest that B. subtilis preserves the RuMP pathway. Although De Wulf assumed the presence of this pathway in B. subtilis on the basis of a preliminary physiological experiment (10), his conclusion that formic acid in the culture medium was effectively utilized by B. subtilis via the RuMP pathway is not compatible with our results, because formic acid could not induce HPS and PHI activities in the present study. This discrepancy might be related to differ- ences in the B. subtilis strains used. Either way, the existence of two key enzymes was substantially established by our research. The organization of divergent transcription between the two transcription terminators in the B. subtilis genome suggested that yckH may be a regulator gene (24) . The putative gene product of yckH is estimated to be a polypeptide composed of 120 amino acids (41) . However, our disruption experiment indicated that the yckH gene is required for the expression of HPS and PHI activities, and it appears that yckH (now named hxlR) may positively regulate yckG-yckF gene expression through DNA binding either directly or indirectly after stimulation by formaldehyde. We also suggest that yckG and yckF (now named hxlA and hxlB, respectively) are organized into an operon structure, based on the following data: (i) the existence of mRNA species covering the hxlA and hxlB ORFs, (ii) the polar effect between hxlA and hxlB genes, (iii) the simultaneous expression of the two genes in response to an inducer, (iv) the lack of hxlB expression concomitant with abolition of hxlA expression in an hxlR (yckH)-deficient mutant, and (v) the gene organization of hxlA-hxlB followed by a typical transcriptional terminator. Recently, it was shown that M. gastri MB19 contains a phi (rmpB)-hps (rmpA) operon (28) , although the hps (rmpA) and phi (rmpB) genes of M. aminofaciens 77a are separated by an insertion element (35) . We found that the hps (hxlA)-phi (hxlB) gene organization was conserved as a set of both genes even in a nonmethylotroph. Curiously, the genes of B. subtilis and M. gastri were arranged in reverse order. Therefore, more detailed bioinformatic analysis of the conserved features and differences in gene organization among three types of microbes (facultative methylotrophs, obligate methylotrophs, and nonmethylotrophs) may provide insight into the evolution of the RuMP pathway.
